We present the first experimental realization of optical supersymmetry and demonstrate mode conversion and global phase-matching between SUSY partner structures. Our results may pave the way for compact and highly efficient integrated mode-division-multiplexing schemes.
The recent years have seen remarkable advances in maximizing the amount of information that can be encoded on a given optical channel. Wavelength division, polarization and angular momentum multiplexing, multilevel modulation and coherent detection harness the various properties of electromagnetic waves [1] . Mode-division multiplexing (MDM) makes use of the individual modes in an optical waveguide and hence utilizes the available spatial degrees of freedom [2] . One of the outstanding challenges in MDM arrangements is to selectively populate and extract specific modes in integrated settings. Along these lines, supersymmetric (SUSY) notions can provide particularly elegant solutions to address these issuees in a readily scalable way, while retaining compatibility with existing multiplexing techniques.
The notion of supersymmetry emerged in the context of quantum field theory as a means to unify the mathematical treatment of bosons and fermions [3] . While evidence for SUSY behavior in any physical setting, whether natural or artificial, has so far remained elusive, the fundamental ideas can in principle be adopted in other areas of physics. In its optical manifestation, supersymmetry can establish close relationships between seemingly different dielectric structures [4] . For example, refractive index profiles connected by SUSY transformations exhibit identical scattering characteristics and therefore can become virtually indistinguishable to an external observer. Regarding their guided waves, supersymmetric partners feature perfect global phase matching conditions. With the exception of the fundamental mode, each guided mode of the original system has a counterpart in the partner arrangement with exactly the same propagation constant, allowing for a complete population transfer transfer of higher modes. Despite the numerous potential applications, no experimental observation of supersymmetric optical behavior has been reported to this date. Here we demonstrate how optical supersymmetry may pave the way towards integrated, scalable, and highly efficient mode division multiplexing without the need for any additional beam shaping components. Here we employ the femtosecond laser direct wiriting technique [5] to realize superpartner systems in lattices of evanescently coupled waveguides. The corresponding light dynamics in such systems were observed directly by means of waveguide fluorescence microscopy. In a first set of experiments we investigated the bound state dynamics in SUSY pairs based on defect domains embedded within otherwise homogeneous photonics lattices. Figures 1(a,b) show the complex-conjugate pair of localized states supported by a domain where the coupling coefficients exceed that of the surrounding array. In this case, the corresponding pairs of eigenvalues are located above (fundamental state) and below (staggered state) the background continuum of states. Due to a vanishing overlap with the staggered state, a flat-phased excitation can only populate the fundamental mode, as indicated by the stationary propagation pattern [ Fig. 1(c) ]. After removing this bound mode, the partner potential can only support the remaining staggered state. As a result, the same input beam can only excite an ensemble of continuum modes and therefore undergoes diffraction [ Fig. 1(d) ]. Note that interference with the small fraction of light contained in the staggered defect state gives rise to rapid intensity fluctuations in the defect region.
In order to demonstrate the characteristic feature of global phase matching, a hierarchical ladder of superpartner structures was constructed by iteratively eliminating the modes of a six-moded fundamental system. As shown in Fig. 2(b) , higher order excitations of the fundamental system (e.g. in the k th state, k > 1) can be transported across the ladder, up to the corresponding step = k. The output patterns clearly reflect the mode transformation that takes place in the SUSY ladder. Our results indicate that supersymmetric arrangements could be useful for efficiently probing, manipulating and interrogating the modal content of a given input field distribution even in highly multimoded systems. In essence, the proposed ladder arrangement incorporates the functionalities of a set of mode converters and successive beam combiners into a single multiplexing component. Its operation is fully reversible, i.e. the same element could be employed to demultiplex the superposition of modes after transmission. The fundamental principle of SUSY-MDM is equally applicable to continuous arrangements and can even be extended to optical fibers, where whole subsets of modes may be selectively manipulated according to their specific optical angular momenta [4] . 
